Cavitation cluster dynamics after the passage of a single pressure wave is studied for different concentrations of artificial cavitation nuclei (30 to 3 · 10 5 nuclei/ml). With increasing concentration of cavitation nuclei the life time of the cavitation cluster is prolonged. Additionally, we find that the spatial extent of the cluster decreases with higher nuclei concentration. The experimental data for concentrations less than 400 nuclei/ml are compared to simulations with a Rayleigh-Plesset type equation, taking into account bubble-bubble interaction. For higher concentrations (more than 1000 nuclei/ml) the observed radial cluster dynamics is compared with an calculations from axisymmetric cavitycollapse model.
I. INTRODUCTION
Cavitation bubbles often occur in ensembles or clusters. One of the methods to generate clusters of bubbles is to apply a single,intensive, pulsed pressure wave. In its tensile phase gaseous nuclei being present in the liquid explode and form a cavitation cluster. When the ambient pressure is restored, these cavitation bubbles undergo violent collapse. The destructive nature of cavitation clusters is widely reported in scientific literature, for example in hydrodynamics cavitation [1] [2] [3] and in shock wave lithotripsy 4, 5 .
The interaction between the bubbles in a cavitation cluster is very complex [6] [7] [8] [9] [10] . In this article we want to address the applicability of simple models to predict the dynamics of the individual cavitation bubbles and/or the cavitation cluster over a wide range of the nuclei concentration (i.e. 30 to 3 · 10 5 per ml).The work has been stimulated by the findings that the life-time of cavitation bubbles increases with higher bubble densities [11] [12] [13] . The analysis presented in this paper might be relevant to the field of shock wave lithotripsy where recent numerical works 11, 15 emphasize the effect of nuclei concentration on the cluster dynamics.
Additionally, clusters of cavitation bubbles are also of importance in sonochemistry 16, 17 .
II. CAVITATION CLUSTER EXPERIMENTS
A single pressure pulse is generated with a piezoelectric shock wave generator. It is
The number density of bubbles is measured with a Neubauer cell-counting chamber under a microscope. Even though the naturally present nuclei (e.g. dirt particles) may have larger variations in size (and thus corresponding nucleation threshold), the usage of artificial nuclei allows us to have control on number density independent of tensile strength used. The desired concentrations of cavitation nuclei are obtained by preparing successive itermediate dilutions. Care is taken to ensure that the suspension is well mixed at each dilution step.
For all the experiments, partially degassed (approx. 3 mg/l O 2 content, corresponding to 30% of saturation concentration) and de-inoized water is used.
The finally desired concentration of artificial cavitation nuclei is obtained by adding an Before the cavitation nuclei are added the pressure signal at the acoustic focus of the lithotripter is recorded with a fiber optic hydrophone (FOPH-500, RP Acoustics,Germany).
Pressure measurements near to cavitation bubble clusters are hampered because the fragile fiber tip is easily damaged especially at higher nuclei concentrations. After adding artificial cavitation nuclei the shape of the second part of the pressure wave gets strongly modified, whereas the first part remains practically the same (see inset 
III. DYNAMICS OF SPARSELY POPULATED CLUSTERS
The Rayleigh-Plesset (RP) model describes the dynamics of single spherical bubbles.
It is derived by integrating the momentum balance equation in radial direction assuming spherical symmetry 19, 20 .
Here, R is the radius of the single cavity, P 0 = 1.013 · 10 5 Pa is the constant atmospheric pressure, P (t) is the far-field driving sound pressure (shown in Fig. ??) and P g the pressure inside the cavitation bubble, calculated assuming adiabatic gas law:
The remaining physical parameters are density ρ = 1000kg·m −3 , coefficient of surface tension σ = 0.073kg·s −2 , water viscosity η = 1.00 × 10 −3 Pa·s and sound velocity in water c l = 1485m/s. The last three terms in the brackets of Eq. 1 refer to the affect of surface tension, viscosity and sound emission from the bubble. Although we include these terms in the present analysis for completeness, they hardly effect the dynamics of the bubble. In a minimalistic model these terms also can be neglected. So far the model does not include the effect of neighboring bubbles.
To modify this equation to include bubble-bubble interaction an additional pressure term needs to be added. It can be derived from the summed velocity potential of neighboring bubbles 10,21 :
where r i is the distance to its i th neighbor bubble with radii R i . The higher order interaction terms, as often derived in the case of two bubbles 22 , can also be computed for multibubble systems 9 and but are are neglected in this analysis. Further, we assume that locally all bubbles show the same radial dynamics, thus subscript i can be dropped from R i . With the assumption of a uniform number density of cavitation nuclei per unit volume, N , Eq. (3) can be rewritten as an integral in space:
Here, δr is the distance up to which bubble-bubble interactions are considered. We note that the integral, Eq. (4), grows unbounded for δr → ∞. In reality the finite speed of sound and the acoustic shielding by bubbles prevent their mutual interaction at larger distances.
Thus δr should be restricted to a finite distance. Here, we choose as a first approximation a concentration dependent cut-off distance of one average inter-bubble distance D mean :
After adding the time derivative of Eq. (4) as an additional pressure term into the RP Eq.
(1) we obtain
where α = 1 + 2πRN 1/3 and β = Figure ? ? compares the radial dynamics of a single bubble with an initial size of 1µm being driven by a single pressure pulse for N= 0, 1 and 100 nuclei/ml. The driving pressure pulse used in all the above cases is the measured pressure pulse (with no artificial nuclei) as shown in fig. ? ?. The graph shows that the bubble life time is increased and its maximum size is reduced at increasing densities of cavitation nuclei.
In fig. ? ? the collapse time as a function of nucleus concentration is plotted as a dashed line and it is compared with experimental measurements(vertical error bars).
In agreement with the observation, the model predicts an increase in the bubble life time of 50 µs when the concentration is increased from 40 nuclei/ml to ≈ 400 nuclei/ml. Although the predictions are within the measured error limits, it should be noted that the recorded pressure pulse used for the driving far-feild pressure, P (t), in Eq. (6) is already affected by the presence of nearby bubbles. Therefore, the agreement of the absolute collapse time should be taken with some caution. It has been found that the peaks following the tensile phase as depicted in Fig. ? ? do alter the absolute collapse time.
At higher concentrations the bubbles very close to each other and the model becomes inapplicable. Therefore, in order to capture the cloud dynamics at higher number densities we make use of a different model which describes the cluster as a single cylindrical void.
IV. DYNAMICS OF DENSELY POPULATED CLUSTERS
For number densities above 1000 bubbles/ml the cluster looks quite different, see Fig. ? ?:
The shape of the cluster becomes more homogeneous and it is separated from the surrounding liquid by a sharp boundary. The collapse of the cluster proceeds progressively from the cluster boundary toward its center. These observations suggest to model the shrinkage of the cluster boundary as a shock front. The speed,Ẋ, at which the cluster collapses is identified with the propagation speed of the shock front 23, 24 which is given by:
Here, P 1 is the pressure just outside the cavitation cluster driving the collapse, and β the void fraction within the cluster. In the case of a cavitation cluster with well separated spherical bubbles β is given by N · 4 3 πR 3 , which in general is a time varying quantity.
However, when the bubbles grow those inside the cluster become increasingly shielded from the outside pressure field and for large N, and we can assume that inside the cluster β reaches a constant value. Note that, for large enough void fractions, β > 0.1, the time required to collapse individual bubbles is of the same order of magnitude as that for the passage of shock front over the bubble ∼ R ρ P 1
, further justifying identification of the speed of the cluster collapse with the speed of the shock front.
The pressure P 1 just outside the cylindrical cluster is coupled with the far field pressure P 0 far away by a momentum balance in cylindrical coordinates. As derived by Hansson and Mørch 23 , the motion of the cluster boundary X can be modelled with a second order ODE: It is interesting to note, that the maximum bubble radius can be estimated from the best fit value of the void fraction. We find for β = 0.34 and β = 0.22 with the respective number densities a bubble radius R of 0.06 mm and 0.24 mm, respectively. Although, the optical resolution of 0.2 mm/pixel does not allow a direct measurement of the bubble radius, individual bubbles can be identified in Fig. ? ?b, whereas it can not be done for the β = 0.34
case, see Fig. ? ?a.
V. CONCLUSION
The dynamics of cavitation clusters is strongly modified when artificial cavitation nuclei are added. With increasing concentration of nuclei we find a prolongation of the lifetime and a decrease in the maximum bubble size. Two regimes of cluster dynamics are considered:
With nuclei number densities below 400 bubbles/ml sparsely populated clusters with fuzzy boundaries are developed. For these, the presented modified RP equation including nearest neighbor interaction terms seems to give a sufficient description of the bubble dynamics at the center of the cluster. Tanguay The absolute values of the nucleus densities characteristic of the two regimes defined in this paper will vary in dependence of the parameters of tensile phase, such as its pulse strength and duration, properties of the liquid in which cavitation is taking place, etc..
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